Aim To investigate whether static magnetic fields (SMFs) have a positive effect on the migration and dentinogenesis of dental pulp stem cells (DPSCs) to promote reparative dentine formation. Methodology In vitro scratch assays and a traumatic pulp exposure model were performed to evaluate the effect of 0.4-Tesla (T) SMF on DPSC migration. The cytoskeletons of the DPSCs were identified by fluorescence immunostaining and compared with those of a sham-exposed group. Dentinogenic evaluation was performed by analysing the expressions of DMP-1 and DSPP marker genes using a quantitative real-time polymerase chain reaction (qRT-PCR) process. Furthermore, the formation of calcified deposits was examined by staining the dentinogenic DPSCs with Alizarin Red S dye. Finally, the role played by the p38 MAPK signalling pathway in the migration and dentinogenesis of DPSCs under 0.4-T SMF was investigated by incorporating p38 inhibitor (SB203580) into the in vitro DPSC experiments. The Student's t-test and the Kruskal-Wallis test followed by Dunn's post hoc test with a significance level of P < 0.05 were used for statistical analysis. Results The scratch assay results revealed that the application of 0.4-T SMF enhanced DPSCs migration towards the scratch wound (P < 0.05). The cytoskeletons of the SMF-treated DPSCs were found to be aligned perpendicular to the scratch wound. After 20 days of culture, the SMF-treated group had a greater number of out-grown cells than the shamexposed group (nonmagnetized control). For the SMFtreated group, the DMP-1 (P < 0.05) and DSPP genes (P < 0.05), analysed by qRT-PCR, exhibited a higher expression. The distribution of calcified nodules was also found to be denser in the SMF-treated group when stained with Alizarin Red S dye (P < 0.05). Given the incorporation of p38 inhibitor SB203580 into the DPSCs, cell migration and dentinogenesis were suppressed. No difference was found between the SMF-treated and sham-exposed cells (P > 0.05). Conclusion 0.4-T SMF enhanced DPSC migration and dentinogenesis through the activation of the p38 MAPK-related pathway.
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Introduction
Dental caries is a prevalent chronic disease, which usually has no obvious symptoms at the early stage. The disease often advances without any warning to the late stage, when it suddenly appears with severe debilitating pain and may result in the exposure of the pulp if the infected tooth structure is subsequently removed (Zero et al. 2011) . Traumatic tooth preparation procedures may also lead to pulp exposure (Leye et al. 2012) . If left untreated, the pulp may become inflamed or infected. In such a situation, conventional therapy requires root canal treatment to remove the pulp. However, substantial removal of tooth structure during the treatment process may leave the tooth vulnerable to fracture due to a loss of its structural integrity and resilience (Cobankara et al. 2008) . Consequently, it is common practice to place a permanent crown on the tooth to complete the treatment (Cobankara et al. 2008) . Thus, treatments such as direct pulp capping or partial pulpotomy, which exploit the natural vitality and regenerative ability of dental pulp (Ravindran et al. 2014) , have found increasing use as conservative alternatives to complete pulp extirpation (Swift et al. 2003) .
Upon pulp injury, storage stem cells are recruited to the sites of wound healing, where they differentiate into odontoblast-like cells which ensure the regenerative capacity of the pulp (Mitsiadis et al. 2011) . The odontoblast-like cells generate a layer of reparative dentine, which walls off the exposed pulp and hence maintains tooth integrity (Rickett 2001 , Arana-Chavez & Massa 2004 , Leye et al. 2012 . Pulp capping and partial pulpotomy both preserve the vitality of the pulp and stimulate the formation of a calcific barrier (Rickett 2001) . However, direct pulp capping has only a variable success rate. For example, one retrospective study reported that 80% of directly capped teeth failed within a 10-year follow-up (Barthel et al. 2000) . Another study reported success rates of 89.6% and 73.3% for mineralized trioxide aggregate and calcium hydroxide caps, respectively, after a 6-month follow-up (Leye et al. 2012) . In practice, the success of direct pulp capping and partial pulpotomy depends on many different factors (Rickett 2001) . However, to a large extent, the success rate of both methods depends on increasing the formation of reparative dentine.
Reparative dentinogenesis is a complex biological process, which involves multiple appropriate inductive factors to induce stem cell proliferation, migration and differentiation into odontoblast-like cells (T ecl es et al. 2005 (T ecl es et al. , Howard et al. 2010 . Ex vivo studies have shown that pulp injury naturally enhances the proliferation of dental pulp stem cells (DPSCs) in the perivascular area and prompts the migration of these cells to the lesion site (T ecl es et al. 2005) . Hence, identifying the factors responsible for regulating the proliferation, migration and differentiation of DPSCs is crucial in improving the success rate of direct pulp capping or partial pulpotomy techniques.
Previous studies have shown that static magnetic fields (SMFs) react with biological systems and affect the behaviour of cells (Javani et al. 2013 , Mare z dziak et al. 2017 . Chiu et al. (2007) found that the application of 0.4-T SMF accelerated the osteogenic differentiation of human osteoblast-like cells. Similarly, Kim et al. (2015a) reported that moderate intensity SMFs enhance the proliferation and osteogenic differentiation of bone marrow stem cells. Mare z dziak et al.
(2017) cultured human adipose stem cells under a 0.5-T SMF environment and found that the magnetic field enhanced the osteogenic potential of the differentiated stem cells into osteoblast-like cells. Indeed, the final consequence of osteogenesis and reparative dentinogenesis process is the formation of hard calcified tissue (Batouli et al. 2003) . So far, the effect of SMF on DPSC dentinogenesis remains unclear.
Cell migration is driven by a high-order process of cytoskeleton remodelling. Recent reports have indicated that the cytoskeleton is susceptible to the effects of an externally applied SMF (Lim et al. 2009 , Rosen 2010 . Hashimoto et al. (2007) reported that SMFs stimulate the migration of certain cell types. A growing body of evidence suggests that the p38 MAPK signalling pathway plays a fundamental role in cell proliferation, cell migration and odontogenesis ( Vandomme et al. 2014 , Kim et al. 2015b , Yun et al. 2015 , Lin et al. 2016 . A previous study reported that the application of 0.4-T SMF enhances the proliferation of DPSCs via p38 MAPK activation (Lew et al. 2018) . However, the direct effect of SMFs on the migration of DPSCs has yet to be clarified. Accordingly, this study evaluated the effectiveness of a moderate intensity (0.4-T) SMF in promoting reparative dentinogenesis directly by analysing the proliferation, migration and dentinogenesis of DPSCs through p38 MAPK activation as the putative mechanism. The null hypothesis is that the 0.4-T SMF has no influence on the DPSC migration and dentinogenesis.
Materials and methods

DPSC isolation and culturing
Human healthy teeth were collected with the approval of the TMU-Joint Institutional Review Board (TMU-JIRB No. 201302010). The teeth were extracted after full explanation and the receipt of formal written consent from the donors. The teeth were stored in a-minimal essential medium (a-MEM, Gibco/Invitrogen, Carlsbad, CA, USA) until pulp extirpation in the laboratory. Dental pulp cells were obtained from the pulp tissue using the out-growth method (Huang et al. 2006 , Souza et al. 2010 . In brief small pieces of minced pulp tissue were cultured in a-MEM supplemented with 15% FBS, 1% antibiotic-antimycotic (Gibco/Invitrogen) and 100 lmol L À1 of L-ascorbic acid 2-phosphate (SigmaAldrich, St. Louis, MO, USA) at 37°C in a 5% CO 2 environment. The medium was changed twice a week until 70-80% confluence was attained. DPSCs have a small characteristic size (Wang et al. 2010 , Yan et al. 2011 . Thus, having detached the DPSCs from the pulp tissue using 0.5% trypsin-EDTA (Gibco/Invitrogen), the cells were isolated by filtering with a 70-lm strainer (BD Falcon, San Jose, CA, USA). The harvested DPSCs were propagated in the same medium as that described above, and cells of the 4th to 10th passages were used for subsequent experimentation purposes. The properties of the isolated DPSCs were characterized via surface marker identification and multilinear differentiation ( Figure S1 ), as reported by Lew et al. (2018) .
Static magnetic field set-up
The SMF environment was created using an 8.5 9 13.5 9 1 cm 3 rectangular neodymium magnetic block with a 0.4-T flux density. Cell culture plates (24-well plate or 3.5-mm-diameter Petri dishes) were placed on the north pole of the magnet (M+ group). A molybdenum plate was placed on the bottom of the magnet to provide flux insulation and prevent magnetic interference (Chiu et al. 2007) , whilst the shamexposed cells (nonmagnetized control group) were placed on a similar neodymium block in the same incubator but without magnetized (MÀ group).
Cell migration experiments
The cell migration behaviour of the SMF-treated and sham-exposed groups was investigated by means of scratch assays. The DPSCs were cultured in 60-mm Petri dishes until full confluence and were then starved overnight. The tip of a 1000-lL pipette was used to scratch a line diametrically across the centre of the culture dishes. The dishes were washed with PBS to remove any loose or dead cells and were then cultured under a 0.4-T SMF environment or sham-exposed environment, respectively. For both groups (SMF-treated and sham-exposed), cell migration was observed using a bright-field illumination microscope (Eclipse TS100, Nikon Corporation, Tokyo, Japan). Experimental images were captured by a CMOS camera (SPOT Idea TM , Diagnostic Instruments, Inc., Sterling Heights, MI, USA) operated under the control of SPOT Advance imaging software (Diagnostic Instruments, Inc.). The captured images were analysed by ImageJ software (National Institutes of Health, Bethesda, MD, USA) to evaluate the percentage of scratched space closure (Yue et al. 2010) , that is:
Percentage of scratch width closure = [(A t = 0 h À A t = Dh )/A t = 0 h ] 9 100%, where A t = 0 h is the scratch area at the beginning of the culture period and A t = D h is the scratch area after a certain culture period.
The cytoskeletal structure of the migrating cells was observed using an immunofluorescence staining technique. DPSCs were cultured on cover glasses until full confluence and were then starved, scratched and cultured under either a 0.4-T SMF environment or a sham-exposed environment, as described above. Having fixed the cells with 4% paraformaldehyde, the membranes were punctured with 0.1% Triton x-100; 500 lL of Hoechst 33258 (Gibco/Invitrogen) and Oregon Greenâ 488 phalloidin (Gibco/Invitrogen) was then added to each cover glass in sequence to promote nuclear and F-actin staining, respectively. Following staining, the cover glasses were mounted on cover slides with Prolongâ Diamond Antifade Mountant (Molecular Probes TM , Life Technologies, Monza, Italy). Fluorescence microscopic images were obtained by a fluorescence microscope (Leica DMi8, Leica Microsystems, Wetzlar, Germany) equipped with a CCD camera (Leica DFC7000 T) operated under the control of Leica Application Suite X software.
Effect of 0.4-T SMF on injured dental pulp tissue
To evaluate the effect of 0.4-T SMF on injured pulp tissue, a wisdom tooth was sectioned coronally into four pieces in the bucco-lingual direction with sterile disc under the copious normal saline irrigation. Two of the pulp tissue containing slices, which were ground to 1 mm thickness, were used for primary cell culturing. To simulate injury to the pulp, a diamond burr with a 1 mm diameter was used to drill a hole from the occlusal surface through the pulp tissue. The tooth slices were then cultured in 3.5-cm-diameter Petri dishes using the a-MEM culture medium described above. The slices were cultured in both a 0.4-T SMF environment and a sham-exposed environment ( Figure S2 ). The medium was changed twice a week, and the injured pulp tissue was monitored continuously using a bright-field illumination microscope (Eclipse TS100, Nikon).
Evaluation of dentinogenesis potential of DPSCs and calcified deposition formation
To evaluate the dentinogenic differentiation of the DPSCs, a total of 5 9 10 4 cells were seeded into a 24-well plate. Once the cells reached 90% confluence, the medium was changed to a dentinogenesis medium containing 50 lg mL À1 of ascorbic acid, 5 mmol L
À1
of b-glycerophosphate and 10 nmol L À1 of dexamethasone (Qu et al. 2014) . The medium was changed every 2 days until 15 days of cell cultured, at which point the cells were fixed and stained with Alizarin Red S for further analysis. Briefly, the cells were fixed with 4% paraformaldehyde, and 250 lL of 2% Alizarin Red S solution (Sigma-Aldrich) was added to each well and incubated for 2 min at room temperature. The staining agent was then discarded, and the cells were washed with PBS three times. The stained cells were observed using a bright-field illumination microscope (Eclipse TS100, Nikon). To quantify the formation of the stained calcium nodules, 300 lL of 10% (v/v) acetic acid was added to each well and the plate was shaken for 30 min. The cells were then scraped off the plate and transferred to a 2.0 mL Eppendorf tube containing acetic acid solution. After vortexing, the stained cells were heated to 85°C in a Digital Dry Bath Incubator (BL 3002, BasicLife Bioscience Inc., Taipei, Taiwan) for 10 min and then transferred to ice for 5 min. The stained cells were centrifuged at 15 000 g for 15 min, and 250 lL of the supernatant was transferred to a new Eppendorf tube; 100 lL of 10% (v/v) ammonium hydroxide was added into the tube and mixed by pipetting to neutralize the acetic acid solution. Finally, 100 lL of the mixture was transferred to a 96-well plate for reading with a spectrophotometer at 405 nm. The expressions of two well-known odontoblastic markers, namely DSPP and DMP-1, were examined by quantitative RT-PCR (qRT-PCR). The total RNA was harvested using a Total RNA Mini Kit (NovelGene Biotech, Taipei, Taiwan) after reaction times of 0, 3, 6, 12 and 24 h, respectively; 1 lg of the total RNA was further synthesized to complementary DNA using a high-capacity cDNA Reverse Transcription Kit (Applied Biosystems TM , Foster City, CA, USA). A realtime DNA thermal analyzer (Rotor-gene 6000, Corbett Life Science, Sydney, Australia) was used to amplify the target cDNA with FastStart Universal SYBR Green Master (Roche Applied Science, Mannheim, Germany). To achieve endogenous control, human b-actin gene was used to normalize the fluorescence signals (DC T ). For both the SMF-treated cells and the sham-exposed cells, the differences (comparative C T , DDC T ) and fold change (2 ÀDDCT ) at different time scales were evaluated by subtracting the DC T values obtained at culture times of 3, 6, 12 and 24 h, respectively, from that obtained at the beginning of the culture process (0 h). The primers used in the qRT-PCR experiments are listed in Table 1 .
Activation of p38 MAPK signalling pathway by 0.4-T SMF
To evaluate the role played by p38 MAPK in regulating the behaviour of the DPSCs under 0.4-T SMF, 10 lmol L À1 of SB203580 (Gibco/Invitrogen) reagent was incorporated into both completed medium and dentinogenic medium. In the scratch assay experiments, the DPSCs were pre-treated with SB203580-incorporated completed medium for 1 h following overnight serum starvation. Similar amounts of DMSO were also incorporated into the completed medium as a control group (with a final DMSO concentration of 0.01%). The mediums were then discarded and a scratch was made using a pipette tip, as described above. After rinsing gently with PBS twice, the completed mediums containing 10 lmol L À1 of SB203580 or DMSO were added to the DPSCs and cultured under 0.4-T SMF and sham-exposed environments. After 24 h, the scratch lines were observed under a bright-field illumination microscope (Eclipse TS100, Nikon Corporation) and the percentage of scratched space closure was analysed using ImageJ software (Diagnostic Instruments Inc.).
In the dentinogenic experiments, SMF-treated and sham-exposed DPSCs were cultured in differential medium with or without 10 lmol L À1 of SB203580 incorporated for 15 days. The DPSCs were then fixed with 4% formaldehyde and stained with Alizarin Red S dye. The gene expressions of p38 MAPK in the dentinogenic DPSCs were analysed by qRT-PCR. Briefly, the total RNAs of the SMF-treated and sham-exposed cells were harvested and synthesized to cDNAs. The target cDNAs (MAPK 11 and MAPK 14, Table 1 ) were amplified by a real-time DNA thermal analyzer (Rotor-gene 6000, Corbett Life Science, Sydney, Australia). The obtained data were then analysed as described above.
Statistical analysis
Each experiment was performed at least three times, with the data presented in the form of means AE SDs. Differences between the SMF-treated group and the shamexposed group were examined using the Student's t-test with a significance level of P < 0.05. For multiple groups comparison of odontogenic experiment, the KruskalWallis test followed by Dunn's post hoc test were used for the statistical analysis (SPSS ver.19, SPSS Inc., Chicago, IL, USA) with a significance level of P < 0.05.
Results
Scratch assay analysis
The scratch assay results revealed that the application of 0.4-T SMF enhanced DPSC migration towards the scratch area (Fig. 1) . The microscopic images revealed that for both groups (i.e. SMF-treated and shamexposed), the leading cells at the edge of the scratch wound started to migrate 12 h after scratch trauma was inflicted (Fig. 1b,e) . However, a greater number of leading cells were noted at the scratch edge in the SMF-treated group than in the sham-exposed group after a 24-h culture period (Fig. 1c,f) . Furthermore, the SMF-treated DPSCs had a stronger tendency towards space width closure than the sham-exposed cells (Fig. 1g) . The space width closure of the SMFtreated group after 24 h of culture (58.78 AE 5.83%) was significantly greater than that of the shamexposed group (42.90 AE 4.67%, P < 0.05).
Immunofluorescence staining revealed that all of the cells exhibited a typical polarity morphology with the nuclear membrane located at the trailing edge (Fig. 2) . For both the SMF-treated group and the sham-exposed group, a thick bundle of stress fibres was observed within the cells aligned in a direction parallel to that of migration. Following a 12-h culture period, the cells exhibited significant lamellipodia and filopodia at the leading edge (Fig. 2b,e, white arrows) . In addition, the SMF-treated group showed a strong collective cell migration behaviour (Fig. 2e,f , red arrows), whilst the sham-exposed groups showed mainly single-cell migration with a random direction of motion (Fig. 2b,c) .
0.4-T SMF enhancement of proliferation and migration of cells in traumatic pulp model
To evaluate the recruitment of cells to the traumatic site, a pulp exposure model was created, as shown in Fig. 3 . For the SMF-treated group, a large number of cells were out-grown from the traumatic pulp tissue after 20 days of culture (Fig. 3d ). Cells were similarly out-grown in the sham-exposed group (Fig. 3a) . However, the SMF-treated group manifested more conspicuous adherent cells than the sham-exposed group (Fig. 3d) . Similar results were found after 25 days of culture (Fig. 3b,e) . After 35 days, a noticeable increase in cell proliferation and cell migration was observed in the SMF-treated group (Fig. 3f) compared to the sham-exposed group (Fig. 3c) .
Odontogenic gene DSPP and DMP-1 expression
To investigate the dentinogenic effect of SMF, the expressions of odontogenic genes DMP-1 and DSPP were evaluated by qRT-PCR. The corresponding fold change results are presented in Fig. 4a,b , respectively. For the sham-exposed DPSCs, the DMP-1 gene expression decreased to halve in value over the first 3 h of culturing and then increased to 0.91-fold after 24 h. The SMF-treated DPSCs were associated with a significantly higher expression of the DMP-1 gene than the sham-exposed DPSCs after 6 h (P < 0.05) and 12 h (P < 0.05), that is 1.73-fold and 1.26-fold, respectively. For the DSPP gene, the sham-exposed cells showed a dramatically higher expression after 24 h. However, for the SMF-treated group, the DSPP gene expression increased markedly after just 3 h of culture (P < 0.05) and attained a maximum value after 12 h (P < 0.05). 
Activation of p38 MAPK signalling pathway by SMF
To evaluate the role of p38 MAPK in regulating the behaviour of DPSCs treated with 0.4-T SMF, p38 MAPK inhibitor SB203580 was incorporated in the completed medium used in the scratch assay experiment. Figure 5b shows that the application of SMF resulted in an obvious increase in the migration of the DPSCs. However, for both the SMF-treated group and the shamexposed group, the fluorescence images show that the SB203580-incorporated cells had a narrow morphology, which was very different from that of the uninhibited DPSC migrating cells (Fig. 5c,d ). In addition, the SB203580-incorporated DPSCs had a lower scratch width closure than the SB203580-free group.
Alizarin Red S staining of dentinogenic DPSCs
After stimulation with dentinogenic medium, the DPSCs were stained with Alizarin Red S dye to evaluate the formation of calcified deposits. For control purpose, DPSCs cultured with complete medium showed negative staining of Alizarin Red S (Fig. 6a) . However, the dentinogenic groups had a different degree of positive staining of dye. In particular, the SMF-treated group had a stronger staining intensity than the sham-exposed group (Fig. 6a) . Under the microscopic observation, the control groups had no evidence of calcium deposits (Fig. 6b) . However, the dentinogenic groups had multiple sporadic calcium formations, especially in the SMF-treated dentinogenic group. When p38 inhibitor (SB203580) was added to the dentinogenesis-induced DPSCs, the tendency of the SMF-treated cells to generate a greater number of sporadic calcium deposits was reduced (Fig. 6b) . Figure 6c shows the OD values obtained following the Alizarin Red S staining experiments. After culturing the cells with dentinogenic medium, the SMF-treated cells had a significantly higher OD value (0.79 AE 0.11) than the sham-exposed cells (0.50 AE 0.07, P < 0.05). However, no difference was found between the SMF-treated and sham-exposed cells when SB203580 was added to the culture medium (P > 0.05). For both groups, the incorporation of SB2 03580 decreased the dentinogenesis of the DPSCs. Figure 7 shows the p38 MAPK gene expressions of the DPSCs exposed to 0.4-T SMF. For both the MAPK 11 gene (Fig. 7a ) and the MAPK 14 gene (Fig. 7b) , a significantly higher fold change is observed in the SMF-treated group. For the MAPK 11 gene, the SMFtreated group shows a 1.53-fold increase after a culture time of 6 h (1.32 AE 0.12 vs. 0.87 AE 0.07, P < 0.05). Moreover, the fold change of the SMF-treated group is 3.71 times higher than that of the shamexposed group after 12 h (6.62 AE 0.06 vs. 1.79 AE 0.14, P < 0.05). For the MAPK 14 gene, the expression of the SMF-treated group increases by 1.57-fold after 6 h (1.39 AE 0.08 vs. 0.89 AE 0.01, P < 0.05), but then reduces slightly to 1.26-fold after 12 h (1.37 AE 0.07 vs. 1.08 AE 0.06, P < 0.05).
Discussion
The results of this study reject the null hypothesis due to the significant difference in cell migration and dentinogenesis between the sham-exposed group and SMF-treated group. Cell migration is an essential process for homeostatic tissue maintenance and the regeneration of injured tissue (Howard et al. 2010) .
DPSCs sense the injury of odontoblasts or endothelial cells and respond to local environment changes by recruitment to the injury site (Howard et al. 2010) . Therefore, the migration of DPSCs to the site of trauma, either by chemotactic cytokines or physical stimulation, is crucial for reparative dentine formation. Suzuki et al. (2011) found that stromal-cellderived factor-1a and basic fibroblast growth factor both contribute towards the recruitment of endogenous adult DPSCs in the regeneration of dental pulp in vivo. Hashimoto et al. (2007) used SMF to stimulate the migration of various types of cells and found that the migration behaviour was significantly enhanced for high-activity cells, such as neuroblastoma and fibroblastoma. The present study has similarly found that 0.4-T SMF promotes the migration of DPSCs towards the injured site (scratch wound) (Fig. 1) . Furthermore, the wound width closure percentage was significantly higher for SMF-treated DPSCs than sham-exposed DPSCs after 24 h (Fig. 1g) . The immunofluorescence staining results revealed that SMF exposure changes the DPSC migration mode from randomized single-cell migration to a collective migration pattern (Fig. 2) . This finding is consistent with that of previous studies, which reported that the application of a magnetic field modulates the migration motion of the cells in the direction of the magnetic field (Iwasaka & Ueno 2005) . The cytoskeleton is one of the effectors for externally applied magnetic fluxes. In particular, the magnetic force is transmitted to the cell cytoskeleton and affects the cell functionality when the mechanical forces are slightly larger than the thermal fluctuation forces (Zablotskii et al. 2016) . Under the effects of an external magnetic field, cells migrate towards areas with the highest field gradient (Zablotskii et al. 2016) . Additionally, actin fibre adopts a magnetic parallel orientation when exposed to a strong magnetic field (Iwasaka & Ueno 2005) . These results collectively account for the findings of the present study that SMF-treated DPSCs exhibit a collective migration pattern and have an ordered For the DMP-1 gene group, a significant difference was observed between the SMF-treated and shamexposed DPSCs after both 6 h and 12 h of culturing (P < 0.05). For the DSPP gene, the SMF-treated cells showed a significantly higher expression than the sham-exposed cells at 3 h (P < 0.05) and obtained a maximum value after 12 h (P < 0.05). P value with * denote significant difference.
cytoskeletal alignment oriented perpendicular to the wound area (Fig. 2f) . T ecl es et al. (2005) reported that pulpal injury leads to the proliferation, migration and differentiation of odontoblast-like cells at the injury site in order to promote the secretion of hard tissue for pulpal protection. The present study has performed simulated pulp tissue injury experiments to analyse the DPSC cell proliferation and migration behaviour in response to pulpal injury. The results have shown that cells out-grow from the pulp tissue after several days of culture (Fig. 3) . Compared with the sham-exposed group, the SMF-treated group has a greater cell outgrowth tendency (Fig. 3d,e,f) . In other words, SMF provides an effective means of enhancing the proliferation and migration of DPSCs in response to pulpal injury. These results were consistent with previously published studies which showed the SMF can enhance the proliferation of different cell types (Martino et al. 2010 , Kim et al. 2015a , including DPSCs (Lew et al. 2018) .
In this study, the dentinogenic differentiation potential of DPSCs was evaluated by stimulating the cells with dentinogenic medium. The results revealed that the DPSCs differentiate into odontoblast-like cells within 15 days of stimulation (Fig. 6) . Furthermore, microscopic observations revealed that sporadic calcified nodules are formed in the stimulated cells (Fig. 6b) . Odontoblast-like cells secrete mineral hard tissue which is essential for pulpal protection. Consequently, it is imperative to enhance the dentinogenic differentiation of DPSCs. This can be achieved in various ways. For example, Qu et al. (2014) cultured DPSCs in a magnesium-containing nanostructured hybrid scaffold and reported that sustained Mg ion release effectively enhanced dentinogenic differentiation. Lin et al. (2011) found that zinc chloride similarly improved the odontoblastic differentiation of DPSCs through gene metallothionein upregulation. Neves et al. (2017) applied three different glycogen synthase kinase 3 (GSK3) inhibitors to exposed animal dental pulp and found that all three antagonist groups exhibited a more obvious reparative dentine formation tendency than the sham control group or a mineral trioxide aggregate (MTA) group. Several studies have shown that the dentinogenic behaviour of DPSCs is affected by the mechanical properties of the extracellular microenvironment. For example, Lu et al. (2015) changed the mechanical properties of a hydrogel matrix by adjusting the concentration of For the SMF-treated group (M+), the DPSCs showed strong red staining. The staining intensity was far stronger than that of the sham-exposed DPSCs (MÀ). The odontogenic properties were suppressed by the incorporation of SB203580 even when the DPSCs were treated with SMF. (b) Microscopic images of odontogenic DPSCs. The control sham-exposed DPSCs showed no calcified nodule formation. By contrast, the odontogenic DPSCs showed sporadic calcified nodules. However, SB203580 suppressed the formation of calcified nodules. For the SMF-treated DPSCs, the negative control group showed similar results, but the odontogenic DPSCs had a denser calcified nodule formation. Similarly, SB203580 blocked the formation of calcified nodules despite the application of SMF. (c) The quantitative results showed the SMF enhanced the odontogenesis of DPSCs (P < 0.05). P value with * denote significant difference.
polyethylene glycol diacrylate and concluded that the DPSCs mechanosensed the stiffer matrix and promoted their dentinogenesis as a result. DPSCs cultured under a low level of cyclic mechanical compressive pressure also exhibit an enhanced dentinogenesis (EL-Moataz et al. 2013) . It has been suggested that the mechanical stimulation of mesenchymal stem cells for engineered tissue transplantation may be more appropriate than chemical stimulation due to potential side effects in the latter case (EL-Moataz et al. 2013) . Several studies have demonstrated the ability of SMF to enhance the osteogenesis of cells (Chiu et al. 2007 , Hsu & Chang 2010 , Kim et al. 2015a , Mare z dziak et al. 2017 . However, the direct effectiveness of moderate strength SMF in enhancing the dentinogenic differentiation of DPSCs is hitherto unclear. Accordingly, the present study has sought to clarify whether a moderate (0.4-T) SMF has the ability to induce a similar dentinogenic differentiation of DPSCs as that reported in previous studies (Lin et al. Figure 7 p38 MAPK pathway regulated DPSC odontogenesis. (a) p38 MAPK genes MAPK 11 and (b) MAPK 14 were upregulated in SMF-treated group when stimulated with odontogenic medium (P < 0.05). P value with * denote significant difference. , Qu et al. 2014 , Lu et al. 2015 . The results have shown that 0.4-T SMF significantly improves the dentinogenic differentiation of DPSCs (Fig. 6a) . Microscopic observations have shown that the SMF-treated DPSCs present a denser formation of calcified nodules (Fig. 6b) . Similarly, the DMP-1 and DSPP genes, which are both positive regulators of dentine hard tissue mineralization (Suzuki et al. 2012) , were found to have high expressions in the SMF-treated DPSCs during the early stage of dentinogenic stimulation (Fig. 4) . Overall, the present results confirm that 0.4-T SMF yields an effective improvement in the dentinogenic differentiation of DPSCs.
2011, EL-Moataz
It is well known that the p38 MAPK signalling pathway is involved in many fundamental cellular processes, including proliferation, differentiation, motility, apoptosis and survival. Previous studies have shown that the p38 MAPK signalling pathway is one of the main mechanisms responsible for promoting mesenchymal stem cell migration and osteogenic differentiation when stimulated by HMGB1 protein (Lin et al. 2016) . Furthermore, several studies have reported that the p38 MAPK signalling pathway is instrumental in human dental pulp cell migration and dentinogenesis. Vandomme et al. (2014) found that p38 MAPK stimulates both matrix extracellular phosphoglycoprotein expression and dental pulp cell differentiation. Kim et al. (2015b) showed that the stimulation of human dental pulp cells with fibroblast growth factor 2 enhanced dentinogenesis via the p38/ERK/JNK/PI3K-Akt/NF-jB transduction pathways. Yun et al. (2015) cultured human dental pulp cells on a magnetic nanocomposite scaffold and found that the scaffold enhanced the migration and dentinogenesis of cells via the phosphorylation of the p38 and ERK MAPK signalling pathways. Kwon et al. (2015) found that the dental resin monomer TEGDMA significantly suppressed the dentinogenesis of human dental pulp cells by downregulating the p38 MAPK signalling pathway. Interestingly, a previous study found that 0.4-T SMF can also activate the p38 MAPK signalling pathway in cultured DPSCs (Lew et al. 2018) . Wang et al. (2009) also concluded that p38 played a central role in mediating SMFinduced MAPK responses of cells. Therefore, to clarify whether the p38 MAPK signalling pathway activated by 0.4-T SMF participated in the DPSCs migration and dentinogenesis, inhibitor SB203580 was incorporated into the cell culture. In the scratch assay experiments performed in the present study, DPSCs treated with p38 MAPK inhibitor showed a lower migration rate in both the 0.4-T SMF environment and the sham-exposed environment (Fig. 5) . In addition, the SB203580-incorporated DPSCs exhibited a long and narrow cell morphology (Fig. 5c,d) , which was very different from that of the migrating cells without inhibitor treatment (Fig. 5a) . This finding suggests a blockage of the p38 MAPK signalling pathway as p38 MAPK is known to promote stress fibre formation and is somehow associated with the directionality of migration (Huang et al. 2004) . In general, the present results suggest that the efficient and collective migration of the SMF-treated DPSCs towards the injured site can be attributed to the effectiveness of 0.4-T SMF in activating the p38 MAPK signalling pathway. Moreover, the SB203580-incorporated DPSCs showed less differentiation effect under SMF (Fig. 6 ). In addition, the qRT-PCR results showed that the SMF-treated DPSCs had a significantly higher fold change expression of the MAPK 11 (Fig. 7a ) and MAPK 14 (Fig. 7b ) genes than the sham-exposed DPSCs. Overall, the results confirm that 0.4-T SMF promotes DPSC dentinogenesis through p38 MAPK activation. The biological effect of an SMF on the cells could be attributed to its effect on the molecular structure of the cell membranes and cause the transmembrane calcium ion fluxes (Rosen 2003 , Dini & Abbro 2005 . A previous study also found that the anisotropy and intracellular calcium activity increased when exposed to the 0.4-T SMF (Lew et al. 2018) . For the mechanotransduction concept, it is reasonable to conclude that the DPSCs can sense the physical force from SMF with its cell membrane biosensor. In the direct mechanotransduction, the magnetic force can be transmitted to the cell cytoskeleton and affects the cell functionality (Zablotskii et al. 2016) . Meanwhile, the magnetic force activates the p38 MAPK signalling pathway and biochemical signalling to the nucleus as an indirect mechanotransduction to affect the cell functionality. Finally, the gene expressions were modulated and affected the cell behaviours or phenotypes.
The magnetic fields have been shown to have an effect on anti-inflammation (Shen et al. 2013 , Zhao et al. 2017 and enhance the formation of the epidermal neovascularization (Zhao et al. 2017) . Vergallo et al. (2013) found the SMF significantly inhibits pro-inflammatory cytokines release from inflammatory cells. Moreover, applied of moderate strength SMF immediately after inflammatory injury can also significantly reduce oedema (Morris & Skalak 2008) . As inflammation exhibits negative effects on pulp healing (Hilton 2009 ), anti-inflammation by SMF may have some benefit during direct pulp capping and partial pulpotomy. In addition, the SMFs can penetrate all biological tissue (Colbert et al. 2009 ). Therefore, the covering tooth structure and restoration have a limited negative effect on the SMF. Accordingly, although delivering a localized magnetic therapy to an injured dental pulp remains challenging, it is reasonable to suggest that SMF has potential as an adjunct for pulp treatments.
Conclusion
Severe tooth trauma caused by deep caries removal or tooth preparation may result in necrosis of the dental pulp tissue if the natural reparative dentine formation is insufficient to effect a proper repair (Neves et al. 2017 ). The present results have shown that the application of 0.4-T static magnetic field promotes DPSC proliferation, migration and dentinogenic differentiation through the activation of the p38 MAPK signalling pathway. In other words, exposure of the injured pulpal tissue to static magnetic field on an occlusal splint may provide a feasible and effective approach for enhancing natural tertiary dentine formation. However, it should be recognized that the similarity of minerals formed in culture mediums to actual physiologic minerals is sometimes questionable. Thus, further studies based on animal models or clinical observations are recommended to confirm the effect of SMFs on reparative dentine formation. 
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